Abstract: To retrospectively investigate whether background parenchymal enhancement (BPE) of the contralateral breast on preoperative dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is associated with therapeutic outcomes following neoadjuvant chemotherapy (NAC) in unilateral invasive breast cancer.
INTRODUCTION
N eoadjuvant chemotherapy (NAC) has been widely used for patients with locally advanced breast cancers because it renders primarily inoperable tumors operable and allows more patients to undergo breast-conserving surgery instead of mastectomy. [1] [2] [3] In addition to tumor control, NAC enables the invivo assessment of the efficacy of standard and investigational therapeutic agents and could expedite the clinical development and approval of targeted treatments for early breast cancer. 4, 5 The heterogeneity of breast cancer, however, results in variable responses to NAC. 6, 7 Pathologic complete response (pCR), which has been used as a surrogate endpoint that can predict long-term clinical outcome, [8] [9] [10] is achieved in less than 30% of patients treated with NAC. 11 On the other hand, patients who have residual disease at surgical pathology represent a high-risk population due to the poorer outcomes compared with patients who achieve pCR. [8] [9] [10] For these patients, further investigational therapy can be considered according to the residual tumor burden. Although surgical pathologic information has been used as a prognostic indicator or a guide for further treatment after surgery, this cannot be assessed before the surgical removal of the tumor. Pretreatment prediction of the pathologic responses or long-term outcomes of patients scheduled to receive NAC could enable the development of personalized treatment protocols, adjusting NAC regimens or surgical procedures, thus improving the long-term outcomes of individual patients.
Imaging techniques have been used to identify imaging biomarkers that predict the development and prognosis of breast cancers. Mammographic breast density is well known to correlate with the risk of developing breast cancer, 12 although it is not related to the survival of breast cancer. 13 Dynamic contrastenhanced magnetic resonance imaging (DCE-MRI) is a commonly used imaging technique in breast cancer research that allows assessment of the functional behavior of the tumor and parenchyma.
14 It is well established that normal fibroglandular tissue can show enhancement on DCE-MRI, which is termed background parenchymal enhancement (BPE). Analogous to the mammographic breast density, recent studies have shown that a higher BPE on screening MRI is associated with a higher probability of developing breast cancer. 15, 16 Many previous studies have demonstrated DCE-MRI parameters obtained prior to NAC and/or early (after the 1st or 2nd NAC cycles) during NAC and survival outcomes. [17] [18] [19] [20] However, these studies have focused on the tumors themselves or on tumor-induced changes in the tissue surrounding breast tumors. It remains unknown whether BPE on preoperative DCE-MRI, performed prior to and/or post NAC treatment, is associated with the therapeutic outcome in patients treated with NAC.
Therefore, we hypothesized that BPE of the contralateral healthy breast is comparable to that of the ipsilateral breast before cancer development. 21, 22 The purpose of this study was to retrospectively investigate whether BPE of the contralateral normal breast on preoperative DCE-MRI is associated with the therapeutic outcome in patients with unilateral invasive breast cancer who undergo NAC.
MATERIALS AND METHODS

Patients and Treatments
The institutional review board approved this retrospective study, and informed consent was waived. Between June 2009 and July 2011, 203 consecutive women with invasive breast cancers underwent NAC and subsequent curative breast surgery at our institution. We excluded 4 women with bilateral breast cancers and 34 women who did not undergo MRI prior to NAC. It is well known that BPE in premenopausal woman is affected by the menstrual cycle. 23 To minimize the hormonal effects, we further excluded 51 premenopausal women who underwent pre-NAC MRI during the 1st or 4th week of the menstrual cycle and 21 premenopausal women who did not have information about the menstrual cycle on the medical record. Finally, 93 women (mean age 47.2 years, range 25-69 years) with unilateral invasive breast cancers (89 invasive ductal carcinomas, 2 invasive lobular carcinomas, 1 metaplastic carcinoma, and 1 mucinous carcinoma) were included in this study.
The NAC regimens of the 93 study patients were as follows: adriamycin with cyclophosphamide plus docetaxel (n ¼ 51), adriamycin with cyclophosphamide (n ¼ 12), adriamycin with docetaxel (n ¼ 9), and human epidermal growth factor receptor 2 (HER2) targeted agent-based regimens (n ¼ 21). The HER2 targeted agent-based regimens included adriamycin with cyclophosphamide plus docetaxel with trastuzumab, docetaxel with either trastuzumab or pertuzumab, and trastuzumab with pertuzumab. The median number of NAC cycles was 8 (range, 4-8 cycles). All patients underwent both pre-NAC and post-NAC MRI, performed after completion of NAC, as well as curative surgery for breast cancer (63 patients received breast-conserving surgery, 30 received total mastectomy). The median interval between post-NAC MRI and surgery was 15 days (range, 3-36 days). All patients who underwent breast-conserving surgery were treated with adjuvant radiation therapy. Adjuvant endocrine therapy had been recommended for patients with hormone receptor-positive cancers.
MRI Evaluation
All preoperative MRIs were performed using a 1.5-T Achieva scanner (Philips Medical Systems, Best, The Netherlands) with a dedicated phased array breast coil, with the patient in the prone position. The routine MRI protocol included turbo spinecho T1-and T2-weighted sequences and a 3-dimensional DCE sequence. All images were acquired with bilateral axial views. DCE-MRI included 1 precontrast and 6 postcontrast series. A 0.1-mmol/kg bolus of gadobutrol (Gadovist; Bayer Healthcare, Berlin, Germany) was injected into an antecubital vein, followed by a 20-mL saline flush. Postcontrast images were obtained at 30, 90, 150, 210, 270, and 330 seconds after the injection of contrast material. The DCE timing was the center of the k-space acquisition, and the acquisition time of each postcontrast series was 63 seconds. Early subtraction images and 3-dimensional maximum-intensity projection images were generated. The parameters for DCE-MRI were as follows: repetition time/echo time (msec), 6.5/2.5; slice thickness, 1.5 mm; flip angle, 108; matrix size, 376 Â 374; and field of view, 32 Â 32 cm.
All pre-NAC and post-NAC MR images were retrospectively assessed by 2 radiologists in consensus (with 6 and 9 years of experience in breast MRI, respectively). To minimize bias, the radiologists were blinded to the clinicopathologic information, including tumor recurrence during follow-up, menopausal status, phase of the menstrual cycle, and hormone receptor status, although they were made aware that the patients had a diagnosis of invasive breast cancer. Tumor size, corresponding to the maximal diameter of the tumor, was measured on early postcontrast images (90 seconds after contrast material injection). Reduction of the tumor size on post-NAC MRI was calculated as follows:
(tumor size pre-NAC À tumor size post-NAC )
Â 100/tumor size pre-NAC To assess tumor kinetics, all of the DCE-MRI series were used. The type of tumor kinetics was categorized as persistent, plateau, or washout based on the images obtained in the delayed enhancement phase. 24 When there were multiple tumors on pre-NAC MRI, the radiologists evaluated the MRI features of the largest tumor. Qualitative BPE was assessed according to the Breast Imaging-Reporting and Data System (BI-RADS) categories as follows: minimal, mild, moderate, or marked. 24 BPE was determined on the basis of both the volume and intensity of enhancement by using a combination of precontrast and early postcontrast DCE images (90 seconds after contrast injection), subtraction images, and maximum-intensity projection images. 16, 25, 26 BPE categories were determined for pre-NAC and post-NAC MR images, respectively.
Histopathologic Analysis
Final histopathological results of surgical or core needle biopsy specimens were reviewed to determine the number and size of invasive and carcinoma in situ components of tumors, as well as histologic grade, presence of lymphovascular invasion, and molecular subtype determined by the immunohistochemical status (estrogen receptor [ER], progesterone receptor [PR], and HER2). In our study, we defined pCR as the absence of invasive cancer, irrespective of ductal carcinoma in situ, in the breast and axillary nodes. In cases of pCR, the expression status of ER, PR, and HER2 was determined based on the core needle biopsy specimens obtained before NAC. ER and PR positivity were determined using a cutoff value of >1% positively stained nuclei.
27 HER2 staging was scored as 0, 1þ, 2þ, and 3þ, according to the guidelines of the American Society of Clinical Oncology/College of American Pathologists. 28 Tumors scored as 2þ required further examination using silver-enhanced in situ hybridization to measure HER2 amplification. An HER2 gene/chromosome 17 ratio of greater than 2.2 was considered HER2-positive by silver-enhanced in situ hybridization. 
Data and Statistical Analysis
Clinicopathologic data (age, menopausal status, mammographic density, clinical tumor and nodal stages, pathologic response to NAC, immunohistochemical subtype, histologic grade, surgical margin status, and adjuvant therapy) were collected through review of medical records. MRI findings (BPE of the contralateral breast, size and number of tumors on pre-NAC MRI/BPE of the contralateral breast, and tumor size, presence of a washout kinetic component within the tumor on post-NAC MRI) and clinicopathologic variables were compared using the MannWhitney U-test, the Chi-square test, or Fisher exact test, according to the breast cancer recurrence event of the patients.
The therapeutic outcomes were recurrence-free survival (RFS) and overall survival (OS), which were assessed by the Kaplan-Meier method and compared by the log-rank test. Breast cancer recurrence included local recurrence (limited to the ipsilateral breast or chest wall and/or axillary, infraclavicular, or supraclavicular lymph nodes), contralateral cancer, and distant metastasis to the other parts of the body. OS was defined from the date of breast cancer diagnosis to the date of death. RFS was calculated from the date of NAC initiation to the date of breast cancer recurrence, the date of death, or the date on which the patient was last known to have no evidence of breast cancer recurrence. 29 Patients without recurrence were censored at the date of the most recent follow-up, regardless of whether they were scheduled for future follow-up or whether they had been lost to follow-up.
Cox proportional hazards modeling was used to determine the associations between RFS and the variables. For continuous variables, the proportional hazard assumption and linear assumption were checked using restricted cubic splines. For categorical variables, the proportional hazard assumption was tested using the Cox proportional hazards model with timevarying coefficients. BPE results on pre-NAC MRI were grouped according to the category (low [minimal or mild] or high [moderate or marked]) for univariate and multivariate Cox regression analyses of RFS. Variables of BPE on post-NAC MRI and adjuvant endocrine therapy were not included in the univariate Cox regression analysis because all patients in both the recurrence and the recurrence-free groups showed a low BPE (90 minimal and 3 mild) on post-NAC MRI, and our study population included hormone-receptor-negative cancers, respectively. The variables with P values less than 0.05 in univariate analysis were included in a multivariate model. The stepwise method was applied to control collinearity and determine the final model.
All statistical analyses were performed with SPSS version 20.0 (IBM Corp., Armonk, NY). Statistical significance was determined with a P value less than 0.05.
RESULTS
Patients and Survival Outcomes
The median RFS was 49 months (interquartile range [IQR], 39-55 months), and the median OS was 51 months (IQR, 45-57 months) during the follow-up period (range, 9-68 months). There were 23 recurrences (15 distant/8 local [2 ipsilateral breast, 6 regional]) at a mean time-to-recurrence of 21.8 months. Among patients with recurrence, 2 died during management of their tumor recurrence, with OS values of 37 and 43 months. The clinicopathologic characteristics and MRI findings of the study population are shown in Table 1 . The proportions of BPE on pre-NAC MRI were significantly different between the recurrence group and the recurrence-free group. All patients with high BPE (4 marked and 13 moderate) and most patients with mild BPE (88%, 22/25) on pre-NAC MRI showed a reduction of BPE identical to the minimal category on post-NAC MRI in this study. All patients with minimal BPE and 3 patients with mild BPE on pre-NAC MRI showed no change of BPE category on post-NAC MRI. Consequently, all patients in both the recurrence and recurrence-free groups showed low BPE (90 minimal and 3 mild) on post-NAC MRI. The proportions of BPE on post-NAC MRI were not significantly different between the recurrence group and the recurrencefree group.
Association Between BPE and Survival Outcomes
In univariate analysis, high (moderate or marked) BPE on pre-NAC MRI was significantly associated with worse RFS in comparison to low (minimal or mild) BPE (hazard ratio [HR] ¼ 2.769, P ¼ 0.020). Reduction of tumor size, the presence of washout component within a tumor on post-NAC MRI, achievement of pCR, and the triple-negative cancer subtype also showed significant associations with RFS (P < 0.05). There were no significant associations between RFS and age, menopausal status, mammographic density, clinical T/N stage, size and number of the tumors on pre-NAC MRI, histologic grade, and surgical margin status (P > 0.05) ( Table 2) .
Variables showing a significant association (P < 0.05) with RFS in univariate analyses were entered as input variables for the multivariate analysis (Table 3 ). In the multivariate analysis, high BPE (HR ¼ 3.851, P ¼ 0.006) was an independent variable associated with worse RFS compared with low BPE (Figure 1 ). In addition, the triple-negative cancer subtype (HR ¼ 3.192, P ¼ 0.026) was significantly associated with worse RFS, whereas a greater percentile reduction of tumor size was associated with better RFS (HR ¼ 0.984, P ¼ 0.021).
Patients with high BPE on pre-NAC MRI had significantly worse 5-year RFS compared with patients with low BPE (high BPE 52.9% vs low BPE 79.6%, P ¼ 0.015) (Figure 2 ). Survival analysis for OS was not performed because there were only 2 death events in our study population.
DISCUSSION
In an NAC setting, several other studies have found that parenchymal enhancement of normal-appearing tissue surrounding breast cancer was significantly associated with the response to NAC and the survival outcome. 17, 30 However, measurement of the parenchymal enhancement of the tissue surrounding breast cancer is strongly dependent on the selection of a representative image and the placement of the region of interest. On the other hand, the BPE of the contralateral normal breast can be measured if DCE-MRI is performed bilaterally on FIGURE 1. MR images of a 37-year-old woman with invasive ductal carcinoma whose recurrence occurred in the ipsilateral portion of the breast 17 months after NAC initiation. (A) Pre-NAC MR image acquired in the subtracted early postcontrast phase shows a marked BPE and an 8.7-cm nonmass enhancement involving the left lower outer breast (arrow). (B) Post-NAC MR image acquired in the subtracted early postcontrast phase shows that the BPE decreased to the minimal grade and that the nonmass enhancement also decreased in size and volume (arrow). Initial surgical histopathology findings yielded an HER2-enriched type of invasive ductal carcinoma 0.2 cm in size. Seventeen months later, a 1.2-cm linear nonmass enhancement was detected on a subtraction image of a screening MRI, (C) and it was confirmed to be a 0.8-cm ductal carcinoma in situ upon subsequent breast surgery. BPE ¼ background parenchymal enhancement, MR ¼ magnetic resonance, MRI ¼ magnetic resonance imaging, NAC ¼ neoadjuvant chemotherapy, HER2 ¼ human epidermal growth factor receptor 2. breast cancer patients. Compared to the BPE of the diseased breast, the BPE measured from the contralateral normal breast may be a more unbiased method that can reflect the relationship between normal tissue enhancement and treatment outcomes after NAC on the basis of breast symmetry. 21, 22 To our knowledge, this study is the first to report on the association between the BPE of healthy parenchyma and survival outcomes of breast cancer patients treated with NAC. We found that patients with a high BPE on pre-NAC MRI (HR ¼ 3.851, P ¼ 0.006) were significantly more likely to develop tumor recurrence after NAC than were patients with low BPE. Our findings indicate that high BPE of normal breast parenchyma may have the potential to predict a patient's long-term outcome after NAC treatment, as well as a woman's individual risk of developing breast cancer. 15, 16 BPE is related to the vascular supply and ovarian function, which is affected by endogenous hormone levels. 23 To minimize the hormonal effect due to the menstrual cycle, we excluded premenopausal women who underwent pre-NAC MRI during the 1st or 4th week of the menstrual cycle from our study population, although recent studies on the association between BPE and the outcomes of breast cancer patients did not correct for the effects of the menstrual cycle. 17,20 -22,25 Even after adjustment for menstrual cycle effects on BPE, we found a significant association between high BPE on pre-NAC MRI and worse RFS. One possible explanation for this finding is that higher blood perfusion into the breast, expressed as higher BPE, may lead to a proangiogenic environment for tumor growth. 31 Another possible explanation is that higher BPE may represent a larger amount of physiologically active breast tissue that is more vulnerable to malignant transformation, such as areas of increased inflammation that can aid in tumor progression and metastasis. 32 In order to elucidate the precise mechanism contributing to the relationship between high BPE and worse survival outcomes, additional studies are needed.
In the current study, all patients of both recurrence and recurrence-free groups showed low BPE (90 minimal and 3 mild) on post-NAC MRI. Among these, all patients with a high BPE (4 marked and 13 moderate) and most patients with a mild BPE (88%, 22/25) on pre-NAC MRI showed an identical reduction of BPE to the minimal category on post-NAC MRI. Consequently, after NAC treatment, there was a greater reduction of the BPE in patients with a high BPE on pre-NAC MRI than in those with a low BPE. These findings are consistent with the results of a previous study in which a higher baseline BPE of pre/perimenopausal women was associated with a greater reduction of BPE on follow-up MRI after NAC. 33 A reduction of BPE after NAC may be attributed to the effects of chemotherapy agents, which can induce ovarian suppression resulting in a loss of tissue proliferation and can directly damage the vessels in normal tissue. 21, [33] [34] [35] Recent studies have reported that the degree of BPE reduction after NAC seemed to correlate with the tumor response to NAC. 21, 36 As these studies reported, the BPE reduction may represent the effects of chemotherapy agents, which may be associated with the short-term outcome, such as pCR, in patients who received NAC. However, BPE reduction after NAC may be the natural consequence of a high BPE on pre-NAC MRI rather than a prognostic indicator, considering our finding that a high BPE on pre-NAC MRI was associated with a greater reduction of the BPE on post-NAC MRI than in those with a low BPE. Therefore, we think that future studies will be needed to verify the association between the BPE reduction after NAC and the survival outcome.
As for tumor characteristics, triple-negative cancer was significantly associated with a worse RFS in a multivariate analysis of this study (P ¼ 0.026), compared to luminal type cancer. It is well known that RFS and OS in triple-negative cancers are significantly worse than in cancers of other molecular subtypes. 37 On the other hand, achievement of pCR has been proposed as a surrogate endpoint that can predict the survival outcomes of patients treated with NAC. 10 However, achievement of pCR was associated with better RFS in a univariate analysis but did not retain significance in a multivariate analysis in this study. In fact, some studies have failed to show that pCR predicts long-term clinical outcomes, 10, 38 although other studies have shown that pCR is associated with significant improvement in survival outcomes. [8] [9] [10] This discrepancy can be explained by the different definitions of pCR used in different studies. Although a recent study showed that patients who attain pCR defined as ''absence of invasive cancer in the breast and axillary nodes, irrespective of in situ residuals'' had better disease-free survival than patients with pCR defined as tumor eradication from the breast alone, 38 further study is needed to validate the utility of pCR in predicting the long-term outcomes of patients treated with NAC.
This study had several limitations. First, our study population size is relatively small, and our population included only a small number of patients with marked BPE on pre-NAC MRI (n ¼ 4). Therefore, we combined the patients with moderate and marked BPE into 1 group for statistical analysis. In order to clarify the association between BPE and survival outcomes, further studies with a larger number of patients will be needed. Second, we did not perform a quantitative measurement of the BPE to determine objective BPE levels. However, published studies that have quantitatively measured BPE used different MRI hardware and parameters between institutions, which FIGURE 2. Five-year recurrence-free survival in patients who underwent NAC according to the BPE on pre-NAC magnetic resonance imaging (P ¼ 0.015): high BPE (moderate or marked) versus low BPE (minimal or mild). The log-rank test was used to determine a P value. BPE ¼ background parenchymal enhancement, NAC ¼ neoadjuvant chemotherapy.
restricts the generalized use of quantitative methods in clinical practice. In contrast, we performed qualitative measurement of the BPE based on 4 categories, and therefore minimal differences in the BPE may not be reflected in our results. Nonetheless, we found a significant association between qualitative measurements of BPE on pre-NAC MRI and RFS after NAC. On the other hand, qualitative measurement of the BPE may be prone to interobserver variability. However, there was no significant discrepancy between the 2 reviewers for determination of BPE category in our study, because they are accustomed to assess BPE category according to BI-RADS in routine clinical practice. Considering our results, qualitative measurement of BPE may be applicable to decide the follow-up interval or imaging modality for postoperative surveillance of patients who undergo NAC. Finally, this study was performed in a single institution and included only Asian population. Further studies including other populations need to be conducted.
In conclusion, a high BPE of the contralateral breast is significantly associated with worse RFS in patients with unilateral invasive breast cancer who underwent NAC. This study suggests that BPE on pre-NAC DCE-MRI may have potential as a predictor for long-term outcomes in breast cancer patients who undergo NAC.
